The high density and atomic number of bismuth germanate (Bi4Ge3O12 or BGO) make it a very useful detector for positron emission tomography. Modern tomograph designs use large numbers of small, closely-packed crystals for high spatial resolution and high sensitivity. However, the low light output, the high refractive index (n=2.15), and the need for accurate timing make it important to optimLiZe the transfer of light to the photomultiplier tube (PMT). We describe the results of a Monte Carlo computer program developed to study the effect of crystal shape, reflector type, and the refractive index of the PMT window on coupling efficiency.
Introduction
The high density and atomic number of BGO make it a very useful detector for applications such as positron emission tomography.1 However, the low light outptut and the scintillation decay time of 300 nsec make the timing accuracy very dependent upon the optical coupling efficiency between the crystal and the PMT. The low light output is partly a result of the high refractive index of BGO (n=2.15) that causes trapping of light within the crystal. However, the ease of handling BGO (which is not affected by air or moisture) facilitates the use of a wide variety of crystal shapes, surface treatments (polished, rough) , and external reflectors (BaSO4, MgO, TiO2, etc.) Our objective is the design oj a system with multiple rings of small closely-packed crystals coupled individually to PMTs. Therefore, most of the examples presented here are for rectangular BGO crystals with a 6.5 mm x 20 mm face partially coupled to a 14 mm diameter PMT to permit stacking in a two dimensional array.
Previous work has shown the importance of the shape of the scintillator and lightpipe for single detectors of cylindrical symmetry.2 3,4)5 However, this work concentrates on the efficient coupling of small closely-packed arrays of rectangular BGO crystals to closely-packed cylindrical PM1Ts, with special attention to special crystal shapes and the effects of internal absorption and bubbles. Lightpipes were not considered in this work. Figure 1 To check the program and to gain a perspective on how photons are absorbed and collected for crystals of various shapes, an option was provided that displays the crystal outline and the path of each photon in a video graphics monitor.
Computer Code

Results
The program was used to simulate the six crystal shapes shown in Fig 2A-2F . The quantities tabulated by the program are defined in Table 1. Due to limited space, we report only on the amount of light collected, which for BGO is the major factor in good timing resolution. The positional uniformity of light collection, which influences pulse height resolu- shows that a diffuse reflectivity also eliminates trapping and this can compensate for increased losses at the reflecting surfaces. Table 2 (lines 9-12) shows that evaporated aluminum results in a low collection, in agreement with our measurements. Table 3 shows that only 10-20% of the collected light is lost by reducing the size of the crystal from a 30mm cutbe to 30mm x 20mm x 6.5mm. Table 4 shows that when this narrow crystal is half coupled to the PMT the collection is decreased (compare with Table 3 ). For clear BGO with polished surfaces (lines 1-2) the loss is less than when absorption is present (lines 3-4) . We have measured a 40% loss in PMT pulse height when a diffuse reflector is inserted between the crystal and the PMT to cover one half of the face. Table 5 shows the effect of sloping the faces ( Fig  2C) . For clear, polished BGO the improvement is quite substantial (compare line I with 3 or 5 or 7, etc.), but the effect is reduced for BGO with absorption (compare line 2 with 4, 6, 8, etc.). Nonetheless, it appears possible to increase the collection from 27% (line 2) to over 40% (e.g. line 4), which is a useful gain. Unfortunately, the best gains are achieved using rather extreme shapes. Table 6 shows that for a moderately shaped polished crystal, the collection is not a strong function of the external reflectivity (compare lines 3 and 5).
For a diffuse reflector, however, good collection is only achieved when the external reflectivity is high (compare lines 8-10). Table 7 shows that for polished crystals internal absorption has a very strong effect on the amount collected. An absorption length of 100 mm results in only 16% collection (line 1) while an absorption length of 1000 mm results in 45% collection (line 4). Table 8 shows that a serrated end improves the light output of polished crystals (compare with Table  4 , line 3). but not much more than a simple slope does (see Table 5 , line 4). The same is true for the pyramidal end (Fig 2E, Table 9 ) and the parabolic end ( Fig   2C, Table 10 ).
4. Conclusions Our main conclusions are summarized below:
(1) In a clear, polished, rectangular BGO crystal about half of the light is internally trapped ( Tables 3 and 4) .
(5) The use of evaporated metal as a reflector results in poorer collection than polished or diffuse surfaces.
In the cases studied, the collection with polished surfaces was less sensitive to the external reflectivity than diffuse surfaces (Table 6 , compare lines 1-5 with 6-10). Thus the relative merit of polished and diffuse surfaces depends on the reflectivity of the external reflector.
(6) The various shapes shown in Figs 2D-2E do not perform better than the shape in Fig 2C ( compare Tables 8,   9 ,10 with (Fig 2C) (a=30 mm, b=20 mm, c=6.5 mm, d=0 mm, e=10 mm, Lint=Lbub=400mm, PMTn=1.52, S=P, 10,000 photons)
